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ABSTRACT 
Diabatic experiments with a multi-level primitive equation model were performed using three latent 
heating parameterization schemes. The concept and method of application of the schemes is discussed 
as well as physical interpretations. Initial experiments were made with a two-dimensional shearline case'. 
Five-day forecasts show realistic simulation of convergence zones to the north and south of the shearline. 
Real data experiments in three dimensions were performed using data during the early stages of hurricane 
Betsy, 29 August 1965. Selected forecast fields are shown for each of the parameterization schemes and 




Sensible heating and the release of latent heat are of 
great importance in the formation and development 
of tropical disturbances, and in the maintenance of the 
tropical general circulation. It is therefore crucial that 
these relatively small-scale (convective) energy sources 
be included in computer models of the tropical atmo-
sphere. Many authors have suggested methods of re-
lating these small-scale phenomena to various param-
eters of the large-scale flow. Ooyama (1969), Rosenthal 
(1968) and Pearce and Riehl (1968), for example, 
couple latent heat release on the cumulus scale to the 
vertical motion at the top of the boundary layer. 
Net grid-scale convergence of moisture into an atmo-
spheric column, on the other hand, is the link between 
cumulus-scale convection and the large-scale flow in the 
schemes described by Charney and Eliassen (1964) 
and Kuo (1965). Arakawa et al. (1968) and Manabe 
and Smagorinsky (1967) relate latent heat release to 
the stability properties and adjust the lapse rate in the 
column. Krishnamurti and Moxim (1971) discuss some 
disadvantages of lapse rate adjustment schemes for 
parameterization of convection. These convective ad-
justment procedures which adjust or remove conditional 
instability in a vertical sounding were shown to signifi-
cantly change the temperature and moisture distribu-
tions in the very first time step. For this reason this 
type of convective adjustment was not tested. In this 
paper three of these schemes are discussed, namely 
those of Kuo (1965), Pearce and Riehl (1968) and 
Rosenthal (1968). The first and third of these schemes 
have been successfully used to simulate such features of 
hurricanes as the warm core, the low-level inflow with 
maximum winds, and the outflow layer in the upper 
troposphere. It is of some interest to examine the 
characteristics of the heating functions in other tropical 
circulations. Pearce and Riehl have used synoptic data 
in the Caribbean to relate the convective heating to 
the large-scale vertical motion field. To realistically 
test and compare the three different parameterizations 
of latent heat release also requires incorporation of 
sensible heating, radiation, evaporation and friction. 
Rather simple forms of these diabatic and frictional 
processes are assumed in the experiments with each 
of the three parameterization schemes. 
In the first series of experiments the initial state was 
a zonally symmetric, barotropically unstable shear 
flow with an imposed horizontal temperature gradient. 
For these two-dimensional cases the initial wind field 
was geostrophic with a constant Coriolis value of 
5X10-5 sec-1• Selected vertical cross sections show the 
development of low-level frictional convergence and its 
mutual interaction with each of the three schemes. 
Since each of the schemes depends on large-scale low-
level convergence, this is a crucial feature of the model. 
Three-dimensional experiments used real data which 
included the early stages of hurricane Betsy, 29 
August 1965. Oscillations in the height and kinetic 
energy fields were a persistent feature of the early 
three-dimensional experiments. Changes in the initial-
ization procedure eliminated these oscillations, and the 
type of initialization required for this type of prediction 
model is discussed later. Further detail is given in a 
paper by Elsberry and Harrison (1971). This was an 
important modification, since the vertical motion in-
duced by rapidly moving gravity waves can mask the 
meteorological development, particularly in models 
which couple latent heat release to the vertical motion 
at the top of the boundary layer. 
The objective of this paper, then, is to examine, 
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FIG. 1. Vertical distribution of dependent variables and pressure 
levels for the two- and three-dimensional models. 
with the use of a primitive equation model, the effect 
of various schemes which relate sub-grid scale friction 
and heating processes to large-scale flow parameters. 
Latent heat, sensible heat and kinetic energy balances 
are performed for both two- and three-dimensional 
experiments, and selected fields are shown to demon-
strate the behavior of each of the schemes under 
identical initial conditions. 
2. Prediction model 
The prediction model was· kept as simple as possible 
to isolate the effects of the various types of latent 
heating parameterization. Fig. 1 depicts the vertical 
distribution of variables in the 10-level primitive equa-
tion model for both the two- and three-dimensional 
versions. Vertical velocity in pressure coordinates (w) 
is carried at 100-mb intervals between 1000 and 100 mb, 
while the remaining variables are carried at intermediate 
levels. Values of potential temperature and geopotential 
height are also computed at 1000 mb for use in the 
thermodynamic and hydrostatic equations. The model 
equations are 
au a~ 
-= -L(u)+ fv-m--Fx, 
at ax 
av a~ 










ap ax m ay m (5) 
- ( p )11/Cp A~=OCpA -- , 
1000 
(6) 
where the aclvective terms are written similarly to the 
energy-conserving flux form described by Arakawa 
(1966), i.e., 
[ a (us) a (vs)] a L(s) =m2 - -- +- - +-(ws), ax m ay m aP 
for a general variable s. All variables have their usual 
meteorological significance: A represents a vertical 
finite difference and 0 the pressure average of the 
potential temperature; F x and Fu are the friction terms, 
while QL, Q8 and Qu represent latent, sensible and 
radiative heating effects. Moisture changes due to 
evaporation and precipitation are given by ME and Mp, 
respectively. These terms will be discussed in greater 
detail later. 
The lower boundary condition for the model may be 
expressed as 
(7) 
where ~1000 is the 1000-mb geopotential and 950-mb 
wind components are used in the horizontal advection 
terms. The vertical velocity at the appropriate levels 
is obtained by integrating (5) downward from 100 mb 
where the vertical velocity is assumed to be zero. 
Cyclic continuity is forced in the east-west direction 
in the three-dimensional model, while insulated free-
slip walls are assumed at the northern and southern 
boundaries. Thus, gradients across these walls are set 
equal to zero, except for the meridional wind component 
which is reflected across the walls. A "leap-frog" 
. technique is used where the time integration is centered 
after an initial forward time step. 
Surface friction in the model is applied in the usual 
manner where 




The drag coefficient Ca is assumed to have a constant 
value of LOX 10--3 is all the two-dimensional and 
1.5X10-3 in all the three-dimensional experiments. 
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The smaller value of Cd in the two-dimensional experi-
ments was necessary to avoid excessive slowing of the 
low-level winds. Frictional stress is assumed to be 
zero at 900 mb and above, so that frictional deceleration 
occurs only at 950 mb. In regions of boundary layer 
convergence the ascent is linked to the existence of 
deep convective motion with release of latent heat. 
Thus, the form assumed in (8) and (9) determines the 
preferred region of convection, particularly in the two-
dimensional shearline experiments. 
A simple radiation scheme is used in which radiative 
flux convergence (QR) varies only with height. The 
profile generally approximates that found by Riehl 
(1962) for the Caribbean region, with a cooling in 
lower layers and a small heating in the uppermost 
layer. As the main purpose for including radiation is 
to provide a sink for the sensible and latent heat addi-
tions, the profile is multiplied by a factor to keep the 
total energy approximately constant. Sensible heating 
(Qs) and evaporation (ME) are computed with the use 
of the usual bulk transport expressions: 
Q.=~[pCdl VJ (Tsea-T1000)]) b.p 
(9) 
g 
ME=-[pCa\ VJ (qsea-q1000)] 
b.p 
In both (8) and (9) the surface wind speed was as-
sumed to be 0.8 of the 950-mb wind speed. The surface 
specific humidity value (q1ooo) was extrapolated from 
the values at 950 and 850 mb, and qsca was the satura-
tion specific humidity corresponding to the sea surface 
temperature. Sea surface temperatures analyzed by 
Landis and Leipper (1968) are used for the three-
dimensional case, but the sea surface temperature is 
spatially uniform in the two-dimensional experiments. 
In both cases these temperatures were held constant 
in time. 
3. Parameterization of latent heating 
In general, the objective of the various latent heating 
parameterization schemes is to evaluate the vertical 
flux of heat and moisture on scales smaller than the 
grid scale, that is, to evaluate 
awq awq a~ 
-=-+---, (10) 
ap ap ap 
awo awe a-:7!f* 
-=-+--, (11) 
ap ap ap 
where the tilde denotes an average over the area, and 
the asterisk a deviation from the area average. Thus, 
the first term on the right is the normal grid-scale 
vertical transport, and the second term represents con-
vection on all scales smaller than that of the grid. 
The cases to be described represent convection on the 
cumulonimbus scale only. The convection in each case 
is presumed to penetrate to a height where the moist 
adiabat from the cloud base intersects the environ-
mental sounding, which is normally above 250 mb for 
tropical soundings without a strong inversion. 
It should be emphasized that w* represents an updraft 
concentrated in a small area within the cloud, with 
compensating descent over a large area outside the 
cloud. Parameterization schemes generally involve a 
convective mass flux which is expressed in terms of the 
grid-scale parameters of the model. In each scheme, 
ascent of the convective flux is assumed to be along a 
moist adiabat from the cloud base, which is taken to 
be 950 rob in these experiments. Since the active con-
vection generally occupies less than 2% of the area, 
the environmental thermodynamic properties are taken 
to be those calculated by the normal finite-difference 
equations. 
Three latent heating schemes, due to Kuo (1965), 
Rosenthal (1968) and Pearce and Riehl (1968), have 
been tested in both two- and three-dimensional models. 
Most of the details and the modifications needed to 
adapt these schemes to the model cannot be covered 
here, but the changes primarily involved programming 
conveniences, none of which altered the basic concepts 
of the schemes as described by the author. 
Two crucial features of all the schemes are the mass 
flux and the initiating process for the sub-grid scale 
convection. In general, the schemes depend on low-
level convergence of moisture into the convective plume. 
The Rosenthal (ROS) and the Pearce-Riehl (PR) 
schemes require convection to occur if there is ascent 
at the top of the boundary layer, which is assumed to 
be 900 rob here. For the Kuo (KUO) scheme, positive 
net integrated moisture convergence into the whole 
column up to cloud top is required, but the main con-
tribution is still low-level convergence. A brief descrip-
tion of each scheme follows. 
a. KUO scheme 
Kuo (1965) related convective-scale motion to the net 
moisture convergence in an atmospheric column, repre-
sented by a grid point in a numerical model. This con-
vergence may be given by 
1 p* 
C=- { 'V·qVdp+ME, 
g J 950 (12) 
where p* is the level at which the environmental sound-
ing crosses the moist adiabat from cloud base. This is 
normally above 250 mb and is taken to be the cloud 
top in the model with no latent heat release above this 
level. If C is not positive, or if there is no conditionally 
unstable layer in the column, no latent heat is released. 
Krishnamurti and Moxim (1971) explain in detail how 
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the moist adiabat is computed, and show a flow chart 
for the latent heat release criteria. Following Kuo 
(1965) the rate of cumulus-scale heating is distributed 
over the time step of the model. This is 6 min in the 
three-dimensional model and 3 min in the two-dimen-
sional model. We may then define two quantities 
1 fp* 
C1 = -- (q.-q)dp, 
g!:i.t 950 
(13) 
1 f p* Cp 
C2= -- -(T.-T)dp, 
g11t 950 L 
(14) 
where C1 and C2 represent, respectively, the amount of 
moisture required to bring the environmental specific 
humidity q and temperature T to the moist adiabatic 
values q. and T •. Thus, C1 and C2 represent the amount 
of moisture required to form a cloud over the entire 
area, while C is the amount of moisture actually 
available. It follows, then, that the fraction of the area 
covered by active convective elements is 
(15) 
typically less than 0.02. The net effect of the convection 
on the environment in the KUO scheme is twofold: 1) 
the specific humidity of the layer is increased by 
a(q.-q), presumably by lateral mixing of decaying 
convective elements, and 2) the temperature of the 
layer is increased by a(T.-T) by the horizontal mixing 
of the convective element with the environmental air 
during the time step 11t. 
b. ROS scheme 
The ROS scheme is simpler than the KUO scheme, 
as the moisture distribution is not predicted; in fact, 
no explicit moisture field needs to be carried in the 
model. The moisture supply from the boundary layer 





Cloud tops and the vertical distribution of heating are 
determined in the same fashion as the KUO scheme. 
Heat is released only if there is rising motion at the 
top of the boundary layer (900 mb) and at least one 
layer of the column is conditionally unstable. The 
quantity C2 is determined as in the KUO scheme, and 
the formulation for the area covered by convective 




flux through the boundary layer, the values of a tend 
to be higher since the denominator of (17) is only about 
one-third that of (15) for the KUO scheme. As in the 
KUO scheme, the temperature at each level is in-
creased by a(T.-T). Since this tended to add heat 
very rapidly at points of large boundary layer frictional 
convergence, a nine-point smoother with weights of 8, 
2 and 1 was applied to the heating function. The Rosen-
thal scheme used here is a test of the basic conditional 
instability of the second kind (CISK) mechanism dis-
cussed by Charney and Eliassen (1964). In later ver-
sions Rosenthal (1970, 1971) adopted a model with an 
implicit water vapor cycle and air-sea exchanges. 
c. PR scheme 
The PR scheme is somewhat more physically in-
clined in that it considers fluxes inside and outside a 
model cloud. Horizontal fluxes occur at the boundary 
of the grid square, and detrainment or entrainment 
effects are included at the sides of the model cloud. 
This is accomplished by defining 
aw-q aq* aw* aweq 
-=w*-+q*-+--, 
ap ap ap ap 
a';;O ae* aw* aw.e 
-=w*-+e*-+--, 
ap ap ap ap 
(18) 
(19) 
where We represents clear air subsidence induced by the 
cloud, and is proportional to the computed grid-scale 
vertical motion w. The proportionality constant is em-
pirically derived from observations in several Caribbean 
disturbances (Pearce and Riehl, 1968; Riehl, 1968). 
The value of the constant varies from -1 for w500 :::; -5.5 
X 10-3 mb sec-1 and linearly decreases to zero for 
wsoo=O. The quantity w* represents in-cloud ascent and 
is determined by 
w*=w-we. (20) 
In (18)-(19), q* and O* are specified on a moist adiabat 
from the cloud base so the latent heat released is equal 
to the heat required to offset adiabatic expansion and 
to increase the potential energy of the convective 
parcels. Thus, w*aq* I ap represents the moisture lost 
through "precipitation," and w*aO*/ap is the corre-
sponding rate of latent heat release. The terms e*aw* I ap 
and q*aw* / ap are the entrainment or detrainment at the 
sides of the cloud, and the terms involving we represent 
fluxes associated with the clear air subsidence between 
clouds. Thus, the terms in (18) which represent a 
change in the environmental specific humidity due to 





Although the available moisture is only the vertical These terms replace the vertical moisture flux term 
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This scheme releases latent heat only if there is ascent 
at the top of the boundary layer with no requirement 
for conditional instability. Cloud tops are determined 
by either the same method as the other schemes, or by 
a reversal in w, whichever occurs at the lower level. 
The heating was smoothed as in the ROS scheme. 
4. Two-dimensional experiments 
As discussed in the introduction, several latent heat 
parameterization schemes have been successfully used 
in hurricane simulation. Charney (1967) noted that 
conditional instability of the second kind (CISK) 
could also be used to describe the intertropical con-
vergence zone (ITCZ). The development of an intense 
zone of convection was envisioned as a two-dimensional 
analog to the hurricane simulation experiments. Pike 
(1968) has developed a coupled atmosphere-ocean 
model in a meridional plane to study the effect of sea 
surface temperatures in determining the position of the 
ITCZ. It seemed desirable to test the different param-
eterization schemes on such a two-dimensional plane, 
in particular with initial conditions which simulate a 
monsoonal trough displaced from the equator. The 
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Fw. 2. Initial analytic values of 1000-mb geopotential height 
(m2 sec•, lower) and a vertical section of the resulting zonal geo-
strophic wind (m sec', upper). Because of symmetry only the 
northern half is shown. 

























FIG. 3. Accumulated latent heat release (102 cal cm-2) for three 
days (dashed) and five days (solid) for the three models. The 
northern portion only is shown because of symmetry. 
is shown in Fig. 2 on the 45 n mi grid. With a constant 
Coriolis parameter f the geostrophic wind field corre-
sponding to the geopotential field is a symmetrical 
shearline with easterlies to the north (see Fig. 2). A 
horizontal temperature gradient of 0.5C between the 
shearline and either wall was imposed to favor con-
vection near the shearline. This temperature gradient 
is sufficient to produce an anticyclonic shear at upper 
levels. In contrast to Pike (1968), the sea surface tem-
perature was everywhere equal to 28C. A typical 
tropical lapse rate was assumed with no latitudinal 
variation. With the additional assumption of a uniform 
relative humidity value (803), the convection was thus 
forced to be symmetrical about the shearline. 
a. Horizontal and vertical distribution of heating 
An effective means of comparing the various schemes 
is to observe the development of the precipitation 
maxima to the north and south of the shearline . 
Accumulated latent heat release is plotted against 
grid index in Fig. 3 for the northern half of the domain . 
After the first step of the integration, frictional con-
vergence causes rising motion at the top of the boundary 
layer in a band about eight grid points (350 nm) wide 
across the shearline. The maximum value of the con-
vergence can be shown from Eqs. (1) and (8) to be 
where the meridional gradient of u2 is a maximum. 
With the zonal component calculated from the il?1000 
profile given in Eq. (23), the maximum occurs about 
three grid points from the shearline. Initially this is the 
preferred location for latent heat release, particularly 
in the ROS scheme, but other factors become important 
at later times. It should be emphasized that since the 
location of the precipitation is imposed by the initial 
conditions in this model, no physical significance is 
given to the "double ITCZ" implied by Fig. 3. In a 
separate test case with the friction linearly related to the 


































FIG. 4. Vertical section of deviations from initial potential tem-
perature (°K) for each of the three models for the northern half 
of the grid. Radiational cooling has been removed to isolate the 
effects of the parameterization schemes. 
wind speed the precipitation maximum formed and 
remained on the shearline. 
As the ROS scheme depends only on the magnitude 
of the rising motion at the top of the boundary layer, 
the initial heating rate is large and significant latent 
heat release occurs by the end of the third day. By 
this time the winds near the shearline had intensified 
(see also Fig. 5), and most of the release of latent heat 
became concentrated within a region of only three grid 
points. The horizontal smoothing used with this scheme 
tends to mask the sharpness of the latent heating 
maximum. While the KUO scheme also depends on 
convergence (of moisture) in the frictional layer, 
divergence exists above this layer. This is also true for 
experiments with the ROS scheme, but the latent heat 
release is linked to the boundary layer only. In the 
KUO technique the contribution to moisture conver-
gence in Eq. (12) from evaporation is nearly as large as 
the sum of the boundary layer convergence and the 
upper level divergence. This is shown in Fig. 3 by the 
maximum well away from the shearline,. where the 
other schemes have no latent heat release. As is shown 
in Fig. 2 this maximum lies near the maximum in the 
surface wind speed which contributes to the evapora-
tion. Finally the PR scheme also depends on ascent at 
the top of the boundary layer, but the heating is con-
fined to a rather shallow layer by a change in the sign 
of w at upper levels. With continued heating a large-
scale circulation field can develop with ascent in a 
deep layer. As illustrated by the difference between 
the latent heating at day 5 vs day 3_ total, the PR 
scheme develops rapidly once the large-scale w field 
is favorable. Stading without an initial vertical motion 
field is a severe constraint for the PR technique, at 
least in these two-dimensional experiments. 
For a multi-level model the vertical distribution of 
the release of latent heat is an important characteristic 
of the various schemes. For the KUO and ROS schemes 
the heating is proportional to the difference in tempera-
ture between the moist adiabat and the environment. 
Kuo (1965) has shown that for a standard tropical 
sounding the heating will be a maximum in the upper 
troposphere. It should be recalled that in the KUO 
system a portion (about two-thirds) of the integrated 
moisture is merely redistributed in the vertical as a 
result of the convection. However, in the ROS technique 
all of the available moisture is condensed and heats the 
column. As the PR scheme is dependent upon the mag-
nitude of the vertical motion at each level, the net 
heating effect is not evident a priori. 
Even though the radiative flux values were only one-
third of those observed by Riehl (1962), the integrated 
effect of the radiation over the five-day period was 
significant. Thus, the contribution of the radiation 
has been removed in the vertical cross sections of 
potential temperature deviations from the initial state 
(see Fig. 4). These deviation fields result from the 
combined effects of sensible heat addition in the lowest 
layer, latent heat release in layers between the lower 
and upper layers, and temperature advection at all 
levels. Experiments without radiative cooling as a 
forcing function in Eq. (3) would vary significantly 
from the results shown in Fig. 4 because the radiative 
cooling tends to destabilize the lowest troposphere. 
Since all the experiments use a constant value for the 
Coriolis parameter and a map factor of unity, the 
results are symmetric about the shearline, and it is 
sufficient to examine the northern half only. 
A common feature in Fig. 4 is a general warming in 
the upper troposphere and in the lower layers. Sensible 
heating may be cited as the cause in the experiments 
with the KUO and PR schemes, but not with the ROS 
scheme in which the 950-mb temperature is held fixed 
to simulate sensible heating. This may have also con-
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tributed to the uniformly warm temperatures in the 
lower layers across the entire region, with only slightly 
warmer temperatures in the area of maximum latent 
heat release (see Fig. 3). The secondary maximum in 
latent heating at the outer regions produced by the 
KUO scheme is reflected by the double temperature 
maxima in Fig. 4. The above interpretation of the 
secondary maximum resulting from moisture con-
vergence due to evaporation is supported by the 
presence of a temperature maximum due to sensible 
heating. Both the evaporation and sensible heating 
are calculated by the bulk transport expressions (9), 
which are mainly dependent on the surface wind speed. 
The temperature maximum at upper levels for the ROS 
technique in Fig. 4 is consistent with the large amounts 
of latent heat release in this area. A reflection of the 
intensity of the convection in this case is shown by the 
minimum temperature at 150 mb, which must be due 
to temperature advection since no latent heat is re-
leased. Strong horizontal divergence occurs at this level 
as the upper level anticyclone intensifies, much as it does 
in the axisymmetric hurricane simulation by Rosenthal 
(1968). The effect of latent heat release with the PR 
system appears to be confined to quite a shallow layer. 
In this case it is difficult to separate the effects of 
sensible heating, latent heat release and advection. 
Even though the amounts of latent heating shown in 
Fig. 3 for the PR and ROS schemes are comparable, a 
deep convective cell does not develop in the PR experi-
ment, presumably because weak subsidence in the mid-
troposphere restricts the convection to the lower 
troposphere. 
It is interesting to note that all three techniques have 
a stabilizing effect on the model atmosphere in the 
region of the shearline. In the KUO and PR experiments 
(see Fig. 4) this is particularly evident in that net 
cooling takes place in the lowest layers and net heating 
aloft. In the ROS experiment, the whole atmosphere is 
heated, but more heat is released at the upper levels, 
thus achieving the same stabilizing effect. 
b. Latent and sensible heat balances 
If Eqs. ( 4) and (3) are integrated over the entire 
domain, the time changes in total latent heat, o(Lq), 
TABLE 1. Comparison of latent heat balances (cal cm-2 day-1) 
for two- and three-dimensional (2-D, 3-D) experiments.* 
Scheme o(Lq) ME Mp Advection 
Adiabatic 2-D 0 0 0 0 3-D 1 0 0 0 
KUO 2-D 48 71 -24 0 3-D 97 180 -83 -1 
ROS 2-D (62) -62 3-D (86) -86 
PR 2-D 58 94 -21 -2 3-D 87 136 -47 0 
* See text for definitions of terms and use of parentheses. 
TABLE 2. Comparison of sensible heat balances (cal cm-2 day-1) 
for two- and three-dimensional (2-D, 3-D) experiments.* 
Scheme o(CpT) Qs QL QR Advection 
Adiabatic 2-D 0 0 0 0 0 3-D -2 0 0 0 0 
KUO 2-D -46 8 24 -73 0 3-D 25 16 83 -73 -2 
ROS 2-D -8 62 -64 0 3-D 26 86 -64 3 
PR 2-D -60 6 18 -73 0 3-D -15 16 47 -73 -9 
* See text for definitions of terms. 
and sensible heat, o(CpT), are primarily due to the 
sum of the source and sink terms. The net horizontal 
advection is zero; however, there is some advection 
through 1000 mb because vertical motion is allowed 
at the lower boundary. In the latent and sensible heat 
balances shown in Tables 1 and 2 this quantity is 
labeled as advection. Thus, in Table 1 the change in 
integrated moisture content (all quantities are expressed 
in latent heat units) should be nearly equal to the 
difference between the evaporation (ME) and precipita-
tion (-Mp), the only source and sink of moisture, re-
spectively. Even with the inclusion of advection the 
balances are not quite exact because of truncation 
errors. Precipitation appears as a source of sensible heat 
in that balance, and along with sensible heat added 
from below should nearly balance the radiational cooling 
integrated over the entire region. Results from both 
two- and three-dimensional experiments are included 
in Tables 1 and 2 to facilitate comparison. It should 
be noted that the two-dimensional balances are over a 
five-day period. 
The contributions due to precipitation in the two-
dimensional balance in Table 1 are the sum of the areas 
under the day 5 curves in Fig. 3. The ROS scheme 
released more than twice as much latent heat as the 
others. Since no moisture field is carried explicitly in 
the ROS model the rate of evaporation needed to 
exactly balance the precipitation is shown in paren-
theses. The implied total evaporation compares favor-
ably with that calculated for the other two experiments, 
but the calculated evaporation does not occur in the 
regions of precipitation as assumed in the ROS scheme. 
It is, of course, well known that evaporation exceeds 
precipitation in the trade wind regions, with the excess 
moisture being transported equatorward and precipi-
tated in the ITCZ. For both the PR and KUO experi-
ments the evaporation far exceeds the precipitation. 
This moisture is redistributed in the vertical and it is 
clear that if such a rate of accumulation continued, the 
model atmosphere would become saturated. In the 
KUO system this redistribution in the vertical is 
explicit; however, in the PR system the moisture does 
not appear as a criterion for convection and the re-
distribution is by the large scale motion. 
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FIG. 5. Comparison of the integrated system kinetic energy (106 ergs cm-2) for the frictional, adiabatic control experiment and the 
diabatic experiments. The PR curve is nearly coincident with the KUO curve for the first 96 hr. 
Sensible heating (Qs) is also important in the KUO 
and PR models. Sensible heating and latent heating 
(QL) fail to offset the radiational loss (QR) in the two-
dimensional sensible heat balance in Table 2. The lower 
radiative cooling rate for the ROS model is a result of 
holding the temperature fixed in the lowest layer. In 
all two-dimensional cases the combined latent and 
sensible heating was too small to overcome the radiative 
cooling, and the model atmosphere cooled, although 
the cooling rate was quite small for the ROS scheme. 
c. Kinetic energy balance 
The success of the axisymmetric hurricane simulation 
models is partly attributable to the rather direct link 
between concentrated latent heat release near the center 
and the associated conversion of potential energy to 
kinetic energy. In the general case the link between 
latent heat release and generation of kinetic energy of 
the larger scale motion is more tenuous. 
To examine this effect in the experiments described 
here, integrated system kinetic energy is plotted against 
time in Fig. 5 for the three diabatic schemes, as well as 
for a frictional adiabatic control experiment. The solid 
line of Fig. 5 indicates the behavior of the system with 
no source of energy. As might be expected, the fric-
tional dissipation in the boundary layer far exceeds 
the small generation due to the initial baroclinicity, and 
system kinetic energy decreases monotonically over 
the entire forecast period. Each of the experiments 
shown in Fig. 5 is clearly dominated by the large 
frictional dissipation during the early stages. With the 
ROS scheme the total kinetic energy remains nearly 
constant until late in the integration. However in the 
experiments with the PR and KUO schemes the changes 
in kinetic energy continue to be dominated by the 
dissipation in the surface layer. This suggests a dilemma 
in that such large frictional convergence has been 
required to drive the convective heating and create a 
distribution of vertical motion and temperature favor-
able for generation of kinetic energy. Alternatively it 
may suggest that the modeling of the boundary layer 
effects according to Eqs. (8) and (9) is over-simplified. 
Table 3 is a summary of the kinetic energy balance 
for the various experiments. No horizontal flux of 
kinetic ·energy or pressure work is permitted at the 
northern and southern boundaries, and the vertical 
advection at 1000 mb is insignificant. Thus, the 
changes in kinetic energy are due to the imbalance 
between generation and dissipation, except for small 
truncation error. In the ROS model, the generation is 
large enough to almost exactly balance the dissipation 
not only in the area of deep convection, but also over 
the entire prediction area. Although the kinetic energy 
changes less in this model than the others, both genera-
tion and dissipation are much larger. The increase in 
kinetic energy near the end of the prediction period for 
the ROS model is associated with an intensification of 
the cyclonic shear at low levels and the anticyclonic 
shear aloft. A strong vertical circulation is set up by the 
release of latent heat at the convergence zones. Large-
scale vertical motions of about l.SX 10-3 mb sec-1 
occur in the mid-troposphere in the region of warmest 
temperatures in Fig. 4. 
The generation of kinetic energy in the KUO and PR 
experiments was too small to maintain the entire 
system kinetic energy against frictional dissipation. 
Even though considerable latent heat was released in 
TABLE 3. Comparison of the kinetic energy balances (104 ergs 
cm-2 day-1) for the two-dimensional experiments.* 
Scheme 8 KE Generation Dissipation Advection ''Efficiency'' 
Frictional -284 179 -463 0 
adiabatic 
KUO -277 196 -469 -4 0,20 
ROS 98 902 -777 -3 0,35 
PR -262 278 -545 +5 0.32 
*See text for definitions of terms. 


























FIG. 6. Initial 1000-mb height field for 1200 GMT 29 August 1965. The horizontal grid domain is indicated by the dark 
rectangular outline with the grid scale indicated in the upper left corner. 
these two experiments, the large-scale circulation with 
ascent near the center was not intensified. This is 
evident in Fig. 3 for the KUO scheme since the latent 
heat release was rather evenly distributed in the 
horizontal. The latent heat release was more concen-
trated with the PR scheme, but the warming was in a 
shallow layer (see Fig. 4) with only a relatively weak 
vertical circulation. A measure of the "efficiency" of the 
latent heat release in contributing to kinetic energy 
generation is shown in the last column of Table 3. 
This quantity is defined as the ratio of the total kinetic 
energy generation to that possible if all latent heat 
release was converted to kinetic energy. A significant 
part of the kinetic energy generation may be associated 
with the baroclinicity of the initial field, as was shown 
by the results of the frictional, adiabatic control run. 
However, such an initial field is roughly consistent with 
climatic averages and would result from precipitation 
in the region of the ITCZ. Even when the total genera-
tion was used, only 0.20-0.353 of the latent heat 
release was realized as kinetic energy. These efficiencies 
are approximately an order of magnitude less than 
values calculated in the axisymmetric hurricane simula-
tion experiments (e.g., Rosenthal, 1968) and in actual 
hurricanes (Riehl, 1959). These results are for a much 
larger region than were included in the hurricane 
calculations, but this is not serious if little kinetic 
energy generation occurs in regions of small latent 
heat release. 
In summary the two-dimensional experiments show 
that neither the KUO nor the PR parameterization 
schemes applied in a shear flow ci,re capable of producing 
adequate precipitation to offset the increase in moisture 
due to evaporation. However, in the experiment with 
the ROS scheme convergence zones formed where 
the curl of the surface friction was a maximum to the 
north and the south of the shearline. These zones were 
well developed with strong cyclonic shear up to the 
middle troposphere and anticyclonic she:u aloft. At the 
end of the forecast period the original low center had 
split and migrated to the north and south with mild 
subsidence over the shearline. In addition the ROS 
model was the only one which generated enough kinetic 
energy to maintain the entire region against frictional 
dissipation. 
5. Three-dimensional experiments 
Some of the restrictions in the two-dimensional ex-
periments, such as an idealized flow pattern in geo-
stropic balance, are removed in the three-dimensional 
cases with real initial data. A case was selected that 
included a tropical storm that did not develop during 
the period, since it was anticipated on the basis of the 
hurricane simulation experiments that the parameter-
ization schemes would tend to overpredict the amount 
of latent heat release. Hand-analyzed fields of stream-
lines and isotachs were used to determine the vorticity 
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Frn. 7. Forecast of 1000-mb heights valid at 1200 GMT 30 August 1965 resulting from the KUO scheme. 
(t") and hence the streamfunction (!/;) from 
\121/;= s (24) 
by sequential over-relaxation. The vorticity was 
averaged over three levels to increase vertical con-
sistency. Geopotential (</>) fields were obtained from 
the nonlinear balance equation 
(25) 
Boundary conditions required for the initialization are 
discussed by Elsberry and Harrison (1971). The 
geopotential fields determine the thermal field through 
the hydrostatic equation (6). It should be noted that 
the initial fields are non-divergent, but reasonable 
vertical motions develop rapidly. As was emphasized 
in the two-dimensional experiments this vertical motion 
is important for the PR scheme. The same form of 
surface friction was included in the three-dimensional 
experiments, which induces upward vertical motion at 
the top of the boundary layer in the cyclonic vorticity 
region about the tropical storm. In the three-dimen-
sional experiments Cn= 1.5X 10--3, as compared to 
1.0X 10--3 in the two-dimensional experiments. Hand-
analyzed fields of relative humidity were used at 
levels below 250 mb, and a constant value of 803 was 
assumed at the 250- and 150-mb levels where few 
reports existed. 
Another important feature of the initialization is the 
forced cyclic continuity in the zonal direction. The 
M creator (x,y,p) grid of 32, 15, 10 points includes five 
grid points which were linearly interpolated between 
the eastern and western ends before the above equa-
tions were solved. Fig. 6 is the 1000-mb height field 
for 1200 GMT August 29 1965 resulting from the above 
diagnostic initialization procedure. The area coverage 
of the 90 n mi grid is indicated by the dark rectangular 
outline, while the grid increment is indicated in the 
upper left portion. 
Fig. 7 is the 24-hr forecast 1000-mb height field for 
the KUO scheme. The forecasts for the adiabatic and 
other diabatic schemes were quite similar and agreed 
well in a qualitative sense with the 1000-mb field at the 
verification time. Since the objective was to compare the 
energy and heating characteristics of the schemes, no 
attempt was made to statistically compare the fore-
casts, either to each other or to the observed analysis. 
Many cases over a large grid would be required for a 
meaningful statistical comparison. The grid was 
limited here to conserve computer core, and thus 
reduce the time required for the integration. 
The limited north-south extent of the domain created 
somewhat of a channeling effect, and all the methodE 
tended to move the low center to the northwest rather 
than to the north-northwest as was actually the case. 
Examination of the magnitude of the predicted pressure 
centers also shows little difference among the experi-
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ments. In every case the principle low center is filled 
by 10-12 m, roughly 1.5 mb. The actual disturbance 
(tropical storm Betsy, 29 August 1965) intensified 
early in the period, but decreased later to almost the 
initial value. It is somewhat deceptive that each of the 
models produced nearly the same surface pressure dis-
tribution with rather different heating mechanisms in-
volved. Predicting surface pressure may be a more criti-
cal criterion when cases of cyclogenesis are considered. 
a. Accumulated precipitation 
One of the most important comparisons between the 
models is that of the horizontal distribution of latent 
heat release or precipitation. The accumulated precipi-
tation (mm day-1) which occurred for each experiment 
is shown in Fig. 8, where the shaded areas indicate a 
total of less than 0.05 mm during the 24-hr prediction 
period. Only convective precipitation is included in the 
three parameterization schemes tested. Thus, the maxi-
mum values of ""10 mm day-1 might be expected to be 
concentrated over perhaps less than one-fourth of the 
grid area, which would lead to locally observed amounts 
typical of those in weak tropical cyclones. 
The largest precipitation amounts for the. KUO 
scheme are concentrated north of the final position of 
the tropical storm, indicated by the cross. However, 
two additional maxima occur. The center near the east 
boundary is associated with an induced trough in the 
easterlies caused by the adjustment for cyclic con-
tinuity in the initialization phase. Because the west 
end of the grid is typical of moist, Gulf of Mexico air, 
and the east end representative of relatively dry, trade-
wind air, an artificial convergence of moisture is 
present near the east end. The center southwest of the 
tropical storm appears to be caused by the interaction 
of the flow with the southern wall. Low-level con-
vergence in this region is also evident in the ROS 
precipitation map although the largest values are 
adjacent to the wall. 
Two other features of the precipitation pattern 
which results from the ROS model should be noted. 
The largest precipitation occurs west and south of the 
final storm position, and extends toward the maximum 
associated with the southern wall, as discussed above. 
Also, a minimum of precipitation exists near the eastern 
end where the KUO scheme produced a secondary 
maximum. Thus, the frictional convergence associated 
with the low-level trough induced by the cyclic con-
tinuity was relatively small, but the moisture con-
vergence was significant for the KUO system. 
In addition to the precipitation associated with the 
convergence zone along the southern wall, the PR model 
produces two maxima to the rear of the tropical storm. 
The maxima southeast of the storm shows the best 
agreement with the actually observed precipitation 
maximum for this period. Because of the variation in 
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FIG. 8. Comparison of the forecast horizontal distribution of 
accumulated precipitation (mm day-1) during the period 1200 
GMT 29 August to 1200 GMT 30 August 1965. Shaded areas 
indicate a total of less than 0.05 mm day-1. The predicted position 
of tropical storm Betsy is indicated by the cross. 
that many real data cases would be required to test the 
ability to forecast locations of precipitation maxima. 
In general the results of the three-dimensional experi-
ments are analogous to those in two dimensions. In each 
case the convergent flow near the tropical storm rapidly 
produced precipitation maxima; the locations, how-
ever, were again somewhat different. 
b. Latent and sensitle heat balances 
The latent heat balance for the entire three-dimen-
sional region is also shown in Table 1. In the friction-
less, adiabatic model the total integrated moisture 
remains constant, at least to small truncation error. 
As in the two-dimensional case, the amount of evapora-
tion required to offset the precipitation is shown in 
parentheses for the ROS scheme. Although it is propor-
tionally larger in this case, the value is quite similar to 
the evaporation calculated for the other schemes. 
Again it is seen that none of the models are able to 
produce sufficient precipitation to offset the evapora-
tion. For the KUO technique about one-half of the 
net evaporation is precipitated, primarily because the 
largest evaporation occurs in the region of high winds 
surrounding the tropical storm. This evaporation is 
immediately available for precipitation in the KUO 
scheme. The ratio of precipitation to evaporation was 
266 JOURNAL OF APPLIED METEOROLOGY VOLUME 11 
TABLE 4. Comparison of the kinetic energy balances (104 ergs 
cm-2 day-1) for the three-dimensional experiments.* 
Scheme ilKE Generation Dissipation Advection "Efficiency" 
Frictionless 245 224 0 21 
adiabatic 
KUO 121 1935 -1814 0 0.56 
ROS 2240 4198 -1971 13 1.17 
PR -298 1517 
-1809 -6 0. 72 
*See text for definition of terms. 
about one-third in the PR scheme, which represents an 
increase over the two-dimensional experiments. As the 
moisture content is not one of the criteria for occurrence 
of convection in this scheme, there is no direct link 
between evaporation and precipitation. Although some 
adjustments in these balances could be made by modi-
fying the air-sea exchange or friction parameters, the 
tendency in the PR and KUO schemes is to store a 
large fraction of the moisture supply. 
The sensible heat balance for the three-dimensional 
experiments shown in Table 2 can be compared with 
the two-dimensional results, except for the difference 
in Cn values. For both the KUO and PR models the 
ratio of sensible (Qs in Table 2) to latent (ME in 
Table 1) heat flux at the surface is, respectively, 9 and 
123 which is reasonable for the areas involved. It 
might be noted that use of sea surface temperatures 
analyzed by Landis and Leipper (1968) probably im-
proved both the magnitude and distribution of the 
air-sea exchanges. The sum of the sensible heat flux 
and the latent heat release by condensation (QL) is 
roughly the same as the radiative cooling. A net heating 
results with the KUO and ROS systems, but small net 
cooling occurs with the PR. However, the radiative 
cooling used in these experiments is only one-third of 
the values reported by Riehl (1962). It is clear that 
these parameterization schemes in which only the 
cumulonimbus scale of convection is being modeled 
would not lead to a steady-state distribution of tem-
perature. Smaller scale cumulus clouds, which redis-
tribute energy in the vertical, should also be included 
in a complete parameterization scheme. 
As Krishnamurti and Moxim (1971) point out, stable 
forms of precipitation should also be included. In-
creases in precipitation of about one-third occurred 
in an experiment in which the KUO technique was 
modified to include stable precipitation along the lines 
suggested by Krishnamurti and Moxim. Much of this 
precipitation was located in a few points near the 
tropical storm center in which the initial relative 
humidity exceeded the 803 criterion for this type of 
precipitation. In fact, for the initial state described 
here, both 80 and 853 criteria produced such large 
amounts of precipitation that the forecast fields were 
unstable after approximately 20 hr. The use of a 903 
criterion, however, resulted in a forecast with a precipi-
tation distribution very similar to that shown in Fig. 8 
for the KUO model. It should also be noted that the 
convective redistribution of moisture inherent in this 
system helped maintain the relative humidity above 
the criterion level and thus enhanced the stable 
precipitation. 
c. Kinetic energy balance 
Although the kinetic energy of the region in the two-
dimensiona.l experiments markedly decreased for all 
but the ROS system, it can be seen in Table 4 that this 
was not true for the three-dimensional model. Even 
in the frictionless adiabatic model there is some small 
generation. The balance between generation and fric-
tional dissipation is quite good in the KUO and PR 
schemes. Even though the generation and dissipation 
are both large, the change in kinetic energy over the 
whole region is about an order of magnitude smaller. 
The dissipation is larger because higher wind speeds 
are present and Cn was increased to 1.SX 10-3, A 
relatively larger increase in the generation occurs with 
the removal of the zonal symmetry constraint and use 
of real data vs initially geostrophically balanced flow. 
The largest generation, and thus the largest increase 
in kinetic energy, again occurs with the ROS model. 
For this experiment the ratio of kinetic energy genera-
tion to latent heat release was nearly 1.23, an increase 
by a factor of 3 over the two-dimensional experiment. 
Increases in this "efficiency factor" are also noted in 
the other two schemes. Comparison of generation in the 
adiabatic and diabatic three-dimensional experiments 
indicates the importance of the latent heat release. 
In the two-dimensional experiments only the ROS 
technique produced kinetic energy generation signifi-
cantly larger than the adiabatic case. In the three-
dimensional experiments the latent heat release pro-
duced by each of the diabatic schemes enhanced the 
large-scale vertical motion in regions of warmer tem-
peratures. In this way the distribution of latent 
heating increases the available potential energy and 
the conversion of potential to kinetic energy within the 
relatively barotropic tropical atmosphere. 
6. Summary 
The effects of three latent heat parameterization 
schemes (Kuo, 1965; Rosenthal, 1968; Pearce and 
Riehl, 1968) have been tested in a multi-level primitive 
equation model. Friction, sensible heating, radiation 
and evaporation were all included in simplified forms. 
In both two- and three-dimensional experiments the 
KUO and PR schemes as formulated are unable to 
precipitate enough moisture to offset the evaporation. 
In the two-dimensional experiments all the schemes 
resulted in a net cooling of the entire region even 
though the radiative cooling was only one-third of 
typical atmospheric values. In the three-dimensional 
experiments with real initial data the diabatic heating 
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was more nearly in balance with the reduced radiative 
cooling. 
The two-dimensional cases clearly illustrate how the 
CISK mechanism contributes to the formation and 
maintenance of low-level convergence zones. Concen-
trated bands of precipitation maxima formed to the 
north and south of the shearline. Low-level subsidence 
developed over the shearline as the surface pressure 
minimum was displaced toward the precipitation 
maxima. 
In three dimensions the three diabatic schemes be-
haved quite similarly in the prediction of the low 
center, although the regions of precipitation maxima 
were quite different. At least in this non-developing 
case, the large-scale flow strongly determines the 
motion of tropical storm scale disturbances. In all three 
cases, much latent heat was released in the region of 
the disturbance. The maximum occurred to the north 
of the center for the KUO model, to the west for the 
ROS model and to the east for the PR model. A 
significant enhancement of the kinetic energy gen-
eration occurred in the diabatic three-dimensional 
experiments 
One experiment which included a stable form of 
precipitation with the KUO parameterization technique, 
as suggested by Krishnamurti and Moxim (1971), 
significantly increased the total precipitation in the 
region of the tropical storm. Because the 803 relative 
humidity criterion suggested by Krishnamurti and 
Moxim produced excessive latent heat release at indi-
vidual points, other criteria were tested. A 903 
criterion produced enhanced precipitation with nearly 
the same distribution as in the KUO system, but 
without causing computational instability. 
Although the PR method most closely predicted the 
region of actual precipitation maximum, one must be 
hesitant to choose a particular method without a test 
which includes a developing disturbance. While it is 
clear that large differences in precipitation do occur 
with the three schemes, the release of latent heat does 
not lead to uncontrollable development. On the con-
trary, the disturbance was correctly predicted to 
maintain its intensity over the 24-hr prediction period. 
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